Crystallographic data comes from a space-time average over all the unit cells within the crystal, so dynamic phenomena do not contribute significantly to the diffraction data. Many efforts have been made to reconstitute the movement of the macromolecules 1 arXiv:1806.06102v1 [physics.bio-ph] 15 Jun 2018 and explore the microstates that the confined proteins can adopt in the crystalline network. In this paper, we explored different strategies to simulate a heart fatty acid binding proteins (H-FABP) crystal starting from high resolution coordinates obtained at room temperature, describing in detail the procedure to study protein crystals (in particular H-FABP) by means of Molecular Dynamics simulations, and exploring the role of ethanol as a co-solute that can modify the stability of the protein and facilitate the interchange of fatty acids. Also, we introduced crystallographic restraints in our crystal models, according to experimental isotropic B-factors and analyzed the H-FABP crystal motions using Principal Component Analysis, isotropic and anisotropic B-factors. Our results suggest that restrained MD simulations based in experimental B-factors produce lower simulated B-factors than simulations without restraints, leading to more accurate predictions of the temperature factors. However, the systems without positional restraints represent a higher microscopic heterogeneity in the crystal.
Introduction
X-ray crystallography has been the major contributor to our knowledge of the structure of macromolecules.
1 At the moment, almost 90% of the structures in the Protein Data Bank 2 (PDB) have been solved by this technique, which has conditioned our way of representing proteins, offering its vision, as well as its limitations. The crystallographic data comes from a space-time average over all the crystal, so that the dynamic phenomena in an individual unit cell do not contribute significantly to the diffraction data, which are interpreted in terms of a mean structure.
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This single model representation is further reinforced by the fact that the crystal lattice prevents diffusion and restricts macromolecular movements. 4 Many efforts have been made to reconstitute the movement of the macromolecules and explore the microstates that the confined proteins can adopt in the crystalline network. [5] [6] [7] Experimental approaches and different modeling techniques have been developed to recover this information.
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Among the computational tools, the use of Molecular Dynamics (MD) simulations and Normal Mode Analysis (NMA) 12-15 has introduced mayor advances.
MD and NMA have the potential to recover information on dynamics and heterogeneity hidden in the X-ray diffraction data. 6 Moreover, normal mode analysis offers an efficient way of modeling the conformational flexibility of protein structures. 14 However, they could be hindered by the low quality of the structural model obtained by experimental data.
In this work, we analyzed a crystal of the heart fatty acid binding protein (H-FABP) based on the coordinates obtained by high-resolution X-ray and neutron diffraction techniques.
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This protein is involved in the traffic of fatty acids inside the cell, and despite the extensive studies done in this family of proteins, the entry/release mechanism of the transported fatty acids are not well understood.
To study the behavior of the lipid/protein complex in the confined crystal form, we have explored different strategies in the setup of the Molecular Dynamics simulation. We describe here the procedure to build the initial crystal model, the influence of different solvents in crystal stability, and the tools to characterize the results in the context of exploring the dynamics of individual proteins in relation to conformational averaging.
Computational methods

Molecular Dynamics
When the structure of a macromolecule is solved by diffraction techniques, the positions of the atoms that have been identified in the asymmetric unit are deposited in the PDB, along
with the information about crystallographic space group and its related symmetries. To model a crystal, it is necessary to use this symmetries to reconstruct the content of the unit cell and then, applying periodic boundary conditions, we are able to simulate an infinite, borderless crystal.
We obtained the crystal coordinates from an X-ray/neutron diffraction structure collected at room temperature (PDB ID: 5CE4 The effective pH was assumed to be 7.5, same as in the crystallization buffer. The protonation status of individual Asp, Glu, Lys, Arg, and His residues was obtained by PROPKA
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calculations for H-FABP in a crystal-lattice environment, leading to a charge of −1 per H-FABP molecule. Thus, the net charge of each H-FABP-fatty acid complex was −2, so sixteen Na + counterions were added to neutralize the total charge of the system. The system was simulated using the united-atom GROMOS 54A7 force field. (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) parametrization for this force field, and added to it (see Figure S1 and topologies incorporated as Supporting Information for details on their parametrization).
The energy of the simulated system was initially minimized following a process where we applied 500 steps of steepest descent algorithm until a potential energy gradient ∆E ≤ 1000 kJ mol −1 was achieved. The protein atoms being harmonically restrained to their initial positions with a force constant of 25,000 kJ mol −1 nm −2 in all Cartesian directions. After assigning random initial velocities from a Maxwell-Boltzmann distribution at 100 K, the system was subsequently heated in three steps of 50 K and one step of 43 K, up to 293 K, simulating during 100 ps for each step. Simultaneously, for the same time lapse, the atomic position restraints in each protein molecule were uniformly relaxed down to zero (harmonic potential force constant relaxed from 25,000 to 0 kJ mol −1 nm −2 in steps of 5,000 kJ mol
. The Cα atoms from residues with a temperature factor (B-factor) lower than a value near 10 (44 atoms) were kept restrained throughout these equilibration runs using a restraining elastic constant of 25,000 kJ mol −1 nm −2 (see Table 1S in Supporting Information for details of B-factor values for each atom). The equilibration runs were performed at constant volume.
After equilibration, three different schemes at 293 K were applied for the treatment of the crystal unit cell volume and the deformations on the lattice:
• NVT with Cα atoms restraint,
• NVT without restraints and,
• NpT without restraints.
The production simulations were run for 500 ns for each scheme using the GROMACS 
where x 1 , . . . , x 3N are the mass-weighted Cartesian coordinates of an N −particle system and represents the average over all instantaneous structures sampled during the simulations. The symmetric 3N × 3N matrix C can be diagonalized with an orthonormal transfor-
where
The ith column of T is the eigenvector belonging to λ i .
Thus, the MD trajectory can be projected on the eigenvectors to determine the principal
The first few PCs typically describe collective global motions of the system, with the first PC containing the largest mean-square fluctuation. Our covariance matrix was calculated using the Cα carbons from the H-FABP crystal during the total time of the trajectory for each scheme simulated.
B-Factors Calculation
In order to further analyze the behavior of the crystal simulation, we performed the theoretical calculation of the isotropic and anisotropic B-factors (i.e.,the mean-square displacements of the atoms, also termed anisotropic displacement parameters -ADPs) for the simulation runs so as to compare them with their experimental values. They can be obtained from the Root Mean Square Fluctuations (RMSF) of the positions of the atoms during simulations.
The ADPs define the 3 × 3 symmetric atomic mean-square displacement tensor U ij . The isotropic displacement parameter can be computed by B eq = 8π
As U ij are tensors, the comparison of their experimental with simulated values is more complex than with the isotropic ones, so the six independent elements of the symmetric tensor can be compared in different ways, as described by Yang and cols. 31 Let U ij and V ij be the two tensors to compare, a clear way to do so is to compute the normalized correlation coefficient ncc(U ij , V ij ), defined as:
, U iso and V iso are diagonal matrices that describe a pair of isotropic atoms, with U iso 11 = U iso 22 = U iso 33 = U eq = Tr(U ij )/3 and similarly for V iso and V eq .
The normalized correlation coefficient ncc will have the following values:
• ncc > 1 if two atoms described by U and V are more similar to each other than to an isotropic atom.
• ncc ≤ 1 otherwise.
With ncc, we can compare the size, orientation, and direction of two tensors. If we calculate the ratio of how many atoms in a structure have their ncc values larger than 1 and the total number of atoms, and express it as a percentage, we can give a good measure of the quality of an anisotropic B-factor prediction.
Results and discussion
MD simulations were performed using a solvated unit cell model of crystalline H-FABP consisting of two unit cells in a 2 × 1 × 1 layout (See Figure 1 ). Analyzed trajectories were obtained during 500 ns of production for the ensembles NVT with restraints, NVT and
NpT without restraints, and NVT with ethanol/water keeping restrained only a Cα (See
Computational methods).
In all our analysis, we applied both a rotational and a translational fit over the Cα atoms into all eight protein molecules of each system in order to reduce the overestimation of the positional fluctuations in the residues. 
Essential motions
To better understand the important protein movements occurred in the simulations, we analyzed the trajectories of the Cα atoms from H-FABP crystal using principal component analysis (PCA). Thus, it is possible to detail the direction and amplitude of movements which are relevant for the functioning of the proteins.
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The Cα covariance matrices for the eight H-FABP molecules into the crystal were diagonalized to obtain the eigenvectors and their associated eigenvalues. Subsequently, the trajectory for each system was projected onto the eigenvectors to obtain the principal com-ponents.
In our analysis, we observed that the top ten components with largest amplitudes, rep- Figure 4) . Thus, the average Cα B-factors were calculated as:
MD B-factors In addition, we can analyze the sampling convergence computing the root mean square inner product (RMSIP) as a measure of similarity between subspaces of each system. 33 Thus, the overlap (O) between a given PC vector Y and another PC vector X is evaluated by their normalized projection,
where Y and X are PC vectors from two trajectories at different ensembles.
Our definition of essential subspace of each system was defined by the one hundred eigenvectors with higher eigenvalues, which represented 3.31% of the total configurational spaces (3N = 3192), recovered around 82.04% (NpT), 81.86% (NVT), 74.34% (NVT-restraints) and 83.43% (ethanol/water) of the total motions in the crystal. Thus, the overlap between the essential subspace of two different groups was obtained from the RMSIP as, RMSIP = 1 100
where n i and v j are the eigenvectors of the subspaces to be compared. RMSIP ranges from 0 to 1. A perfect match of the sampled subspaces yields an overlap value of 1. According to our analysis, we observed that independently of the ensemble simulated, the RMSIP values were around 0.63-0.76, indicating global patterns of correlated movements and a satisfactory overlap between essential subspaces of each system. 35 Moreover, the similarity of essential subspaces tends to be the lower (between 0.63-0.65) when the systems NpT, NVT, and NVT in ethanol/water are overlapped with the NVT-position-restraints system (See Table 1 ). However, NVT with position restraints represented quantitative sampling that better allowed the study of the atomic fluctuations in the crystal, in agreement with experimental B-factor ( Figure 4 ).
Finally, with the aim of analyzing the effect of crystallographic packing on the mobility of the residues, we simulated a single protein solution in 500 ns using an NpT ensemble without restrictions, following the minimization and equilibration protocol described in Computational methods section.
As seen in Figure 
Conclusion and perspectives
In the present work, we have explored different strategies to simulate a protein crystal starting from high resolution coordinates obtained at room temperature, which allowed us to build an accurate initial model. We have done simulations at constant pressure and at constant volume, and we have also modified the number of atoms with restrains to maintain the structure of the crystal.
These strategies allowed us to evaluate the motions of H-FABP in a confined crystalline environment and in solution, observing how the restriction in the atomic position influences the global motions of the system.
We simulated the crystal system at constant pressure and volume, and despite the good agreement of simulated and experimental B-factors (Figure 4) , the edge proteins showed a high fluctuation in some of its residues ( Figure 3S in Supporting Information). However, the unit cells edge volume is well reproduced, indicating that H-FABP packing is described correctly (Figure 2A and 3) . We then proceed to run a simulation at constant volume restricting 44 Cα atoms per protein, which decrease the total fluctuation of the H-FABP, but showed a pattern of fluctuations and orientation in their motions consistent with the experimental data (See Figure 2B and 4) . So we reintroduced a restriction (1Cα/protein) in the ethanol/water system searching for a better match between freedom of movement and simplicity of analysis.
In our analysis, we consider to use the essential dynamics for the calculation of the PCs.
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Since the positional fluctuations are confined to a crystallographic cell, the essential dynamics gives a correct description of the motions when its amplitude is small enough ( Figure 2S and 3S in Supporting Information). In Table 1 , the cross-correlations in the atomic displacements by system indicate collective motion and are, therefore, of potential relevance to H-FABP function.
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The results presented here are remarkable considering that a direct comparison between X-ray diffraction and MD simulation is difficult, due to the huge differences in the statistical sampling of both techniques.
A typical experimental X-ray data collection is in the order of hundreds of seconds and may involve billions of unit cells. In contrast, in the current computational availability, MD simulations may be extended during microseconds over a small number of unit cells. Despite these limitations in the computational modeling, Molecular Dynamic simulations help us to recover part of the information lost in the experiment, introduce movement and therefore the temporary dimension in the atoms positions, reveal the microstates lost in the averaging process, and let us explore the restrictions to the normal movement of the protein due to confinement. All of this enriches the interpretation of the structure from a biological point of view.
The few works carried out so far in this field of MD simulations of crystals are not totally detailed. We hope that this work will help to draw attention to this point, and to clarify it for future studies. 
Supporting Information Available
The following files are available free of charge. Figure 7: Topologies labeling and numbering for palmitic acid and oleic acid that were incorporated in GROMOS96 54A7 force field. Parameter values can be seen in the corresponding topology files also incorporated as Supporting Information (files pal-54a7.itp-topology.txt and ola-54a7.itp-topology.txt). 5CE4) . In bold, the Cα atoms from residues with a B-factor lower than a value near 10. Table 2 : Temperature factor (B-factor) values for the Carbon (C), Nitrogen (N) and Cα atoms in the H-FABP (PDB code 5CE4). In bold, the Cα atoms from residues with a B-factor lower than a value near 10. Protein Number
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Figure 9: RMSF of each H-FABP on the crystal. The trajectories of each conditions was projected onto the two first principal components.
